ABSTRACT We evaluated 2 contrasting perspectives on the St Lawrence Estuary maxlmum turb~dlty zone (MTZ) the f~r s t being that ~t is a zone of stress and mortal~ty for the plankton community, the second that it is a biologically productive area with a complex structured food w e b Two crulses were undertaken under different hydrolog~c reglmes one at the end of the spnng flood penod and the other durlng mean summer flow conditions The same pattern of change in conlmunlty structure of the phytoplankton and protozoa (2 to 200 pm) was observed across the saltwater transition in both cruises there was a shift in the size d~stnbutlon of tava towards dominance by larger cells and an increase In the number of taxa (including endemic taxa conf~ned to a specific salinity range) at the bottom of the transition zone There was no e v~d e n c e of a decline in evenness nor of a shlft towards a heterotrophbased food web that would result flom the mortality of autotrophs advected Into the MTZ These changes ~m p l y a prolonged residence tlme for the cells in the MTZ and a comb~natlon of imrnigratlon and emigration pathways that favours larger particles and high taxon dlverslty The iesults are conslstent wlth a 'hydrodynamic entrapment model Our observat~ons do not support the earller vlews that the St Lawrence MTZ IS a reglon of unfavou~able biolog~cal conditions Conversely, the large average cell slze combined w~t h a longer cell-retention time in this region may contnbute towards ~t s productlv~ty as a larval fish nursery
INTRODUCTION
Hydrodynamic processes such as stratification, turbulent mixlng and advection can play a major role in controlling the production, biomass and size distnbution of planktonic autotrophs and heterotrophs in freshwater and marine ecosystems (e.g. Reynolds 1984 , Cushing 1989 , Riegman et al. 1993 . These physical processes can modify growth rates through their effect on light and nutrient availability and through their influence on the matching between biotic responses such as primary production and zooplankton grazing (Legendre & Le Fevre 1989, ' Contribution to the programme of C E N (Centre d'etudes nordiques) and GIROQ (Groupe Interuniversitalre d e Recherches Oceanographiques du Quebec) Vlncent 1992) . Such processes are likely to play a decisive role across the estuarine maximum turbidity zone (MTZ), where the concentration of suspended material is higher than In upstream and downstream areas. The MTZ is largely the result of hydrodynamic trapping where inorganic and organic particles are retained because they sink into the landward bottom current and because of cyclonic recirculation (see Postma 1967 , IvIoon & Dunstan 1990 . In many estuaries, it is the critical interface for biogeochemical interactions between river water and the sea.
The biological impact of hydrodynamic trapping has been observed at higher trophic levels in the MTZ. This region contains high concentrations of estuarine zooplankton species, in particular Eurytemora affinis, Neomysis americana and Mysis stenolepis, that accumulate passively along with suspended particulate matter (Dodson et al. 1989 , Laprise & Dodson 1994 ).
The early life-history stages of smelt Osmerus mordax and tomcod Microgadus torncod are retained in the MTZ through exploitation of the vertical pattern of current speed and direction, and there they feed on the high concentrations of zooplankton in spring and early summer (Laprise & Dodson 1989a , b, 1990 , Dauvin & Dodson 1990 ). The combination of constraints imposed by estuarine circulation on the entrapment of planktonic organisms and variability in physico-chemical conditions on the vertical plane is largely responsible for the maintenance of the true estuarine zooplanktonic community that persists at the head of the estuary (Laprise & Dodson 1993 . In contrast, little is known about lower food chain processes in this region. Simenstad et al. (1990) have drawn attention to the general lack of information about the microbial food web in the estuarine MTZ environment.
There are contradictory accounts about the biological processes which operate in the St. Lawrence MTZ.
Cardinal & Berard- Therriault (1976) noted the replacement of the freshwater phytoplankton species by marine species within the transition zone. Other authors have observed decreases in chlorophyll a (chl a) concentration and photosynthetic activities in the MTZ and have attributed such effects to possible osmotic stress (Painchaud & Therriault 1989 ). The St. Lawrence MTZ has been described as a region where the 'phytoplankton community is composed of deteriorating freshwater cells, passively advected from upstream' . One zooplankton community structure study revealed a major decrease in abundance and diversity in the MTZ which led Bousfield et al. (1975) to consider this 'zone of mixing of the Upper Estuary to be, in effect, a "graveyard" of bodies of marine and freshwater zooplankton, inexorably carried there and trapped by their swimming behavior and the circulation, and killed by the extrem.e physical conditions'. A more recent review on estuarine MTZ processes (Kimmerer 1992) reinforces the view of the St. Lawrence MTZ as an area of low to negligible primary production, and high zooplankton mortality. However, certain studies on the planktonic animal populations of the St. Lawrence MTZ are at variance with this view. Population data for rainbow smelt and Atlantic tomcod Microgadus tomcod larvae, as well as for several species of macrozooplankton (Dodson et al. 1989 , Laprlse & Dodson 1989a , suggest an efficient and productive food web that supports a high biomass of grazers and predators. The seasonal variability in the abundance of microcrustaceans in the MTZ suggests that trophic interactions regulate zooplankton populations and is consistent with an efficient and productive food web (Laprise & Dodson 1994) . Studies on the MTZ elsewhere have begun to challenge the traditional view that primary production is suppressed by salinity, turbidity or other factors in this region (e.g. Moon & Dunstan 1990, Fichez et al. 1992) .
The aim of the present study was to evaluate the 2 conflicting perspectives on the St. Lawrence River MTZ: the first being that it is a zone of stress and mortality, the second being that it is, conversely, a biologically productive area with a complex, structured food web. The former hypothesis implies a substantial loss of plankton taxa and abundance In response to severe osmotic and low-light stress. This would result in a decrease of biomass, diversity and evenness of the community. The latter hypothesis would imply that a diverse community structure is maintained across the MTZ, but with a potential change in species composition. The 'graveyard' hypothesis would imply a decrease in autotrophs due to light limitation and osmotic stress, resulting in a proportional increase in the importance of heterotrophs in the MTZ. Under both scenarios hydrodynamic retention processes would selectively trap the larger, more rapidly sedimenting plankton species. We evaluated these hypotheses by way of 2 crulses under contrasting hydrologic regimes to identify consistent patterns that occurred under a broad spectrum of flows and turbidities. Sampling was conducted during the spring-early summer period when the MTZ acts as a nursery region for the larval smelt and Atlantic tomcod.
MATERIALS AND METHODS
Study area. In the St. Lawrence Estuary during early spring, the MTZ extends from a tidal marsh region upstream of Cap Brule to immediately downstream of Ile aux-Coudres (Fig. 1) . It is displaced upstream towards Ile dlOrleans during the summer months (Meric 1975 , Lucotte & dlAnglejan 1986 . The increased turbi.dity in this region appears to be primarily the result of hydrodynamic entrapment (dlAnglejan & Ingram 1984) but is also influenced by lateral exchange with the adjacent salt marshes (Lucotte & dlAnglejan 1986 ) and flocculation processes across the salinity gradient (Gobeil et al. 1981) .
Sampling. Two sampling cruises were undertaken in 1991, from 10 to 14 May (near the end of the spring flood per~od) and from 27 June to 1 July (mean summer flow conditions). There was sufficient time between the 2 cruises to allow major changes in the river environment and its plankton communities. During the first cru.ise 12 stations were sampled in the upper St Lawrence Estuary along 3 distinct salinity zones: 4 stations in the lower freshwater (but tidal) section ca 30 km downstream of Quebec city (Zone l ) , 4 stations in the frontal region of increased turbidity with surface salinity in the range 0.7 to 2%0; and 4 stations 30 km further downstream with surface salinities in the range 4 to 8% (Zone 3). The 4 stations in Zone 1 were within a 2 km reach of the main channel. The 8 stations in Zones 2 and 3 were also in the main channel and were located within 8 km reaches. Each zone was sampled twice at low tide and twice at high tide. The second cruise focused on Zones 1 and 2 only to achieve a better temporal resolution of the tidal water masses. A fixed station was occupied in each zone and samples were taken at 4 h intervals over 3 tidal cycles. A description of the physical and chemical properties of the 3 zones is given in Vincent et al. (1994) .
At each sampling time during the 2 cruises, water was obtained from near the surface (0.5 m) and near the bottom (17 m, which was at least 3 m above the sedim e n t~) with a 5 1 Go-Flow sampling bottle.
The phytoplankton and protozoa samples were preserved immediately with a glutaraldehyde-paraformaldehydemixture (Tsuji & Yanagita 1981) and kept at 4'C in the Community structure. Samples were examined by fluorescence-Nomarski-utermohl microscopy using the procedures of Lovejoy et al. (1993) . Communities within each sampled zone were characterized by way of demographic parameters: the number of taxa, the community evenness index (R), which describes the relative distribution of cells within each taxon and is used here as a measure of stress, and the Steinhaus similarity index (S), which evaluates the similarity between the sampled zones. All indices were calculated from the pooled abundance of all taxa within each zone (as in Legendre & Legendre 1984) .
Size distribution. The biovolume of each taxon was calculated from the microscopic determination of the mean maximal length and width of 20 organisms/ taxon, and the shape was approximated to the nearest morphological volume (e.g. sphere, ovoid, cylinder). Each biovolume/taxon was multiplied by the total number of individuals to obtain the total biovolume per taxon. This biovolume was then partitioned according to the size classes of the cells, which was defined as the maximal linear size of a given taxon and expressed as a biovolume size spectrum. These biovolume distributions were then compared within and between the different zones and time periods with a Maximum Likelihood Chi-squared analysis (G2), Taxon functional categories. The enumerated taxa were initially grouped into 7 broad categories based on (on of sampling sltes across the St. Lawrence k v e r transition zone their taxonomic affinities: phytoflagellates (Group l), colorless flagellates (Group 2), ciliates (Group 3), rhizopods (Group 4), cyanobacteria (Group 5), diatoms (Group 6) and the remaining autotrophs (Group 7). Two functional categories were further obtained from these groups: the autotrophs (chl a containing cells), which represented Groups 1, 5, 6 and 7, and the heterotrophs (absence of chl a), which included Groups 2 , 3 and 4 . For each category, the total number of individuals and the total biovolume of organisms was calculated from the summation of all the included taxa. For each depth, the total number of individuals by category was then calculated at each station and zone. The biovolumes for the 7 groups were summed to give the total plankton volume.
RESULTS

Spatial variation
Total community. The dominant taxa in each of the 7 groups of phytoplankton and protozoa are given in Table 1 . The community structure varied with depth and zone across the transition region. During Cruise 1 , evenness increased downstream with increased domi- nance by a larger number of taxa from Zone 1 to Zone 3 at the surface and from Zone 1 to Zone 2 at the bottom (Table 2) . At the transition Zone 2, the total num- ber of taxa declined at the surface and increased at the bottom when compared with Zones 1 and 3. During the second cruise similar trends were observed between the freshwater Zone 1 and transition Zone 2 ( Table 2) . The highest number of taxa (total) was recorded at the bottom of Zone 2 during both cruises. There was a longitudinal change in taxon composition at each depth ( Table 2) . Calculations of the Steinhaus similarity index (based on common taxa only) across zones for the surface communities show a closer relationship between Zones 2 and 3 (0.51) in companson to Zones 2 and 1 (0.40). The same analysis for the bottom samples indicate equal similarities between the transition Zone 2 and either Zone 1 (0.32) or Zone 3 (0.34).
Many of the taxa observed within this study were found only within 1 of the 3 zones (Fig. 2) . The highest percentage of these 'endemic taxa' (by which we mean taxa that were exclusively recorded in 1 zone) was at the bottom of transition Zone 2 (40%). Common taxa amongst the 3 zones were more abundant at the sur-face (26%) than at the bottom (18%), which agreed with the similarity index values. During the second cruise, a high number of 'endemic taxa' were also observed at the surface of Zone 1 (36%) (Fig. 3 ) .
There was an increase from Zone 1 to Zone 3 in the vertical partitioning of taxa. This effect can be seen, by the downstream gradient in the partitioning index as shown in Fig. 4 . This trend is associated with the gradient in salinity, but also stratification: Zone 1 was well mixed and Zones 2 and 3 showed increasing stratification (details in Bertrand . Similar results were observed during Cruise 2. During both cruises, a much larger number of taxa in transition Zone 2 were found exclusively at the bottom of the water column (45 % of all Zone 2 taxa in Cruise 1, 38 % in Cruise 2) than at the surface (27 % of all Zone 2 taxa in Cruise 1, 23 % in Cruise 2).
Autotrophs and heterotrophs. There were minor changes in community structure of autotrophs and heterotrophs across the zones in each cruise (Table 3) . During both cruises, the number of autotrophic taxa was 3 to 4 times greater than the heterotrophic taxa, and their relative distribution varied with depth across the zones. Contrary to the hypothesis that the MTZ is a stress and mortality zone, there was a slight increase in diversity and evenness of both groups and there was no evidence of a differential loss of autotrophic taxa at the expense of heterotrophs. 
Demographic parameters
Abundance. In both cruises (in Zones 1 and 2) the numerical dominants were heterotrophic flagellates (Group 2) which contributed between 25 and 4 7 % of total cell counts (Fig. 5) . In Zone 3, autotrophic and heterotrophic flagellates codominated. Diatoms rose in abundance and relative importance in the second cruise.
During Cruise 1, there was a sharp decrease in abundance of total autotrophs as well as heterotrophs between the freshwater Zone 1 and the transition Zone 2 at the surface ( 2 . 6~) and at the bottom (2x) of the water column (Table 4 ). The number of cells decreased slightly (1.1 to 1 . 5~) thereafter in saltwater Zone 3. Similar results were found in Cruise 2, with a higher abundance of both categories of cells in Zone 1 than in Zone 2. The concentration of autotrophs increased during the second cruise, resulting in a proportional reduction in the importance of heterotrophs. There was no evidence in either cruise of a shift towards heterotrophic dominance across the MTZ.
Total biovolume. In both cruises, diatoms were the major contributors to total biovolume with a relative contribution varying between 33 and 70% (Fig. 6 ). Group 7 taxa also contributed substantially to total biovolume during Cruise 1 in Zones 1 and 2. Diatoms rose in biovolume and relative importance during Cruise 2.
During Cruise 1, the total biovolume of autotrophs remained unchanged between Zones 1 and 2 at both the surface and the bottom of the water column (Table 5 ). Heterotrophs decreased in biovolume phytoplankton and protozoa groups (see Table 1 between Zone 1 and Zone 3 at both depths resulting in a proportional reduction in the importance of heterotrophs. Such a decrease in the representation of heterotrophs was also observed at both depths of Zone 2 during Cruise 2. Maximum biovolume was found at the bottom of Zone 2 for both categories of cells. There was no evidence in either cruise of a shift towards heterotrophic dominance in total biovolume across the MTZ.
Mean biovolume. During Cruise 1, the average size of autotroph and heterotroph taxa increased between Zones 1 and 2 for the surface and the bottom samples (Table 6 ). In saltwater Zone 3, the size of the autotrophic cells decreased at the surface and increased at the bottom. Similar results were observed in Cruise 2 with a larger size of the autotrophs in Zone 2 than Zone 1. For the total community, there was a substantial increase (30 to 230%) in mean cell volume across the transition from Zone 1 to Zone 2 in both cruises. Biovolume size spectrum. The biovolume size spectra of the phytoplankton and protozoan communities (Figs. 7 & 8) were significantly different [Maximum Likelihood Chi-squared analysls (G2), p c 0.011 between zones in both cruises. During both sampling periods, there was a shift of cell biovolume into larger size classes between Zones 1 and 2 for the total plankton community. During Cruise 1, the proportion of biovolume present in the >20 pm fraction increased from 51 and 58 % in Zone 1 to 72 and 64 % in Zone 2 for the surface and bottom samples respectively. The >20 pm fraction reached 68 % of total biovolume at the bottom of saltwater Zone 3. Cells larger than 150 pm were poorly represented in saltwater Zone 3. During Cruise 2, the shift into larger size classes was more pronounced, with the proportion of cells >20 pm increasing from 50 and 22 % to 64 and 82 % for surface and bottom samples respectively.
DISCUSSION
Impact of hydrodynamic trapping on community structure
The pattern of change in the phytoplankton and protozoa communities across the MTZ showed several characteristics which are consistent with estuarine recirculation and hydrodynamic trapping. These effects can be summarized by the schematic model given in Fig. 9 . This conceptual model incorporates the following changes in community structure that we observed during the 2 cruises: (1) the shift (skewness) in the size distribution of taxa towards dominance by isms at the bottom. This higher taxonomic rich-
ness may reflect the immigration of taxa from a greater diversity of habitats. Benthic, epibenthic (2) by the presence of sediment-related heterotrophic the large increase in number of taxa (including rhizopods (Rogerson & Laybourn-Parry 1992b) in the 'endemic taxa') at the bottom of Zone 2, and (3) the transition zone. This supports earlier observations that non-differential effect on heterotrophs which resediment resuspension, particularly near the head of mained at more or less the same proportional abunthe estuary, is the main process contributing susdance across the transition zone. This model implies a pended particulate matter to the turbidity maximum prolonged residence time for the cells in Zone 2 and a (Silverberg & Sundby 1979) . combination of immigration and emigration pathways Proportion of heterotrophs. Autotrophic taxa that differentially favours larger size particles and a (Groups 1, 5, 6 and 7) remained important throughout high taxon diversity.
Larger mean size. The increase in size of the phytoplankton and the protozoan community in transition
Salt marshes
Zone 2 can be explained by the sedimentation-resuspension circulation pattern which characterizes this zone. In this situation, dense particles sink into the high density upstream bottom current to b e subsequently resuspended at the surface near the landward extent in the salt intrusion of Zone 2 (dtAnglejan & Ingram 1984 , Lucotte & d'Anglejan 1986 ). This process is consistent with the decrease in cell concentration yet constant biovolume (mean = biovolume/density) observed across the Zone l/Zone 2 transition. Such an effect would result from a faster flushing of the smaller size particles out of the zone, because of their lower sinking rate (Stoke's law), and faster sedimentation of In pattern of change in phytoplankton and protozoa comrnunithis study we used a high resolution method that gave ties across the St. Lawrence Maximum Turbidity Zone the St. Lawrence upper estuary and there was no evidence of a shift towards a heterotroph-based food web across the MTZ. Our observations suggest that the population dynamics of cells in the transition zone is controlled by hydrodynamic processes rather than by shifts in the relative importance of autotrophy versus heterotrophy. The high densities of macrozooplankton populations in this zone (Laprise & Dodson 1993 ) are likely to give rise to a strong grazing and predation pressure on the communities described here. As with hydrodynamic entrapment, there may be some influence of these biological processes on size distribution (Riegman et al. 1993 ). However, this would not be likely to have a differential effect on heterotrophs versus autotrophs.
Residence time. The residence time of suspended particulate matter exceeds residence time of water in the transition zone (dfAnglejan & Ingram 1984 , Painchaud et al. 1990 ). The MTZ assemblage therefore represents a time integral of upstream and downstream communities that have been further subject to differential production and loss processes within the transition zone. The low number of common taxa found between the transition Zone 2 and the adjacent zones indicates an immigration and integration period greater than the sampling time (i.e. > l wk). This implies that a given taxon may originate from a past intrusion and accumulation and/or is the result of in situ succession. Cushing et al. (1993) have similarly pointed out that riverine pools of fine particulate organic matter can originate from great distances for subsequent utilization in the river or for export to estuaries.
The high percentage (240%) of 'endemic' autotrophic and heterotrophic taxa at the bottom of Zone 2 strongly suggests an efficient retention mechanism which concentrates particles over a given integration time scale. However, the lack of similarity (very low number of common taxa) between the 2 cruises indicates that at a time scale of 6 wk or less there was major successional change in all zones.
Cell immigration pathways. Lateral as well as continuous longitudinal transport is likely to introduce 'new' species into the MTZ. The highly productive salt marshes (see Lucotte & d'Anglejan 1986) on both sides, but particularly the north shore of the estuary, may serve as important reservoirs of taxa transported into the MTZ during tidal fluctuations. The peak biomass found in the turbidity maximum of northern San Francisco Bay has been shown to be largely derived from the lateral input of phytoplankton from extensive, highly productive shoals (discussed in Schuchardt & Schirrner 1991). Similarly, in the Orinoco (Lewis 1988) and Hudson rivers (Cole et al. 1992) , the Increase in biomass may be maintained by occasional influxes of phytoplankton from shallow areas into deeper zones.
Trophodynamics across the MTZ
Our results do not support the earlier view that the St. Lawrence MTZ is a region of unfavourable biological conditions. Contrary to the 'zone of stress' hypothesis, we did not observe any decline in evenness that would mark the increased dominance by a small number of tolerant genotypes. There was no decline in taxon number, nor any evidence of a shift towards heterotroph dominance that would result from the mortality of autotrophs advected into the MTZ.
There was a substantial decline in the concentration of heterotrophs and autotrophs across the Zone l / Zone 2 transition during both cruises. Although this reduction in population size could be the result of increased losses due to salinity and nutrient stress, it could equally result from zooplankton grazing. The former explanation seems unlikely given our observations on community structure. It is also incompatible with recent primary productivity studies which show no change in the photosynthesis: chl a ratio across the transition zone . Furthermore, there is evidence of increased rather than decreased nitrogen and phosphorus within the MTZ relative to upstream concentrations . Grazing pressure by the large standing stocks of zooplankton is the more likely explanation of the observed drop in cell concentration across the St. Lawrence MTZ.
Our results for the nano-and microplankton are consistent with recent observations on the MTZ macroplankton. The region contains high population densities of larval fish (see Dodson et al. 1989 , Laprise & Dodson 1989a ). The major food items of these fish include Eurytemora affinis and Bosmina longirostris, which are also found in abundance (Dauvin & Dodson 1990 ). These zooplankton are potential grazers of the phytoplankton and protozoa. The nano-and microplankton observed during our study included heterotrophic protozoa (colorless flagellates, ciliates and rhizopods) and autotrophs (e.g. diatoms). Ciliates were dominated by small-sized species, typically less than 50 pm, such as Tintinnopsis cf. minuta, Tintinnopsis cf. subacuta and Strombidium sp. Algal heterotrophy would be advantageous in this turbid, low-light environment (e.g. Burkholder 1992 ). The pigmented flagellates that we recorded are likely to include mixotrophic species (Cavalier-Smith 1993) . Our analysis shows that there are substantial changes in community structure across the region. There are also vertical differences in the nano-and microplankton (this study), as well as macroplankton (Dodson et al. 1989 ) communities down the water column; this vertical structure becomes increasingly pronounced in the physically stratified waters further down the estuary (Fig. 4 ) . The overall trophodynamic picture of the MTZ is thus of a region containing a complex, productive food web that includes microbial as well as large-celled constituents at its base.
It is possible that the disparity between the perspectives developed within the present study and previous interpretations is primarily due to differences in sampling regime. Bousfield et al. (1975) sampled primarily copepods and failed to establish the trophic link between mesozooplankton and larval fish. The sampling scale of Painchaud & Therriault (1989) prevented then1 from seeing many of the community shifts observed in the present study. They situated the decline in photosynthesis per unit of biomass in waters greater than 10%O. However, these salinities fall outside the transition zone as defined by the region of maximum turbidity. In fact, inspection of their data indicates no decline in the production to biomass ratio in the region with salinities equivalent to our transition Zone 2. Similarly the decline in cell concentration of phytoplankton reported by Cardinal & Berard-Therriault (1975) was downstream of the turbidity maximum as defined by d 'Anglejan & Ingram (1984) .
Although there was a decline in cell numbers (this study) and chl a ) across the MTZ we found no major drop in total phytoplankton and protozoa biovolume because of the shift toward larger cells. These larger particles could potentially favour a short food chain, and thus a more efficient transfer of carbon and energy to higher trophic levels (cf. Cushing 1989 , Legendre & Le Fevre 1989 . In this way the sizedifferential effects of hydrodynamic trapping, combined with the effects of prolonged retention time, may contribute towards the productivity of this region as a larval fish nursery.
